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[1] A unique seasonal pattern in dissolved elemental mercury
(DEM) was observed in the tropical monsoon-dominated
South China Sea (SCS). The DEM concentration varied sea-
sonally, with a high in summer of 160  40 fM (net evasion
580  120 pmolm2 d1, n=4) and a low in winter of 60 
30 fM (net invasion180 110, n=4) and showed a positive
correlation with sea surface temperature (SST). The elevated
DEM concentration in summer appears mainly abiologically
driven. In winter, the SCS acts as a sink of atmosphere Hg0 as
a result of low SST and high wind of the year, enhanced vertical
mixing, and elevated atmospheric gaseous elemental mercury.
Annually, the SCS serves as a source of Hg0 to the atmosphere
of 300  50pmolm2 d1 (385  64 kmolHgyr1, ~2.6% of
global emission in ~1% of global ocean area), suggesting high
regional Hg pollution impacts from the surrounding Mainland
(mostly China). Citation: Tseng, C. M., C. H. Lamborg, and S. C.
Hsu (2013), A unique seasonal pattern in dissolved elemental mercury
in the South China Sea, a tropical and monsoon-dominated marginal
sea, Geophys. Res. Lett., 40, 167–172, doi:10.1029/2012GL054457.
1. Introduction
[2] Mercury (Hg) is a neurotoxic element present in nature
with a fascinating biogeochemical cycle. During the past
decades, we have learned much about the global cycling of
Hg and interactions affecting its exchange at surface inter-
faces, e.g., air-water [Mason et al., 1994; Lamborg et al.,
2002; Selin et al., 2008; Soerensen et al., 2010]. The results
demonstrate the ocean plays a crucial role in the global cycle
of Hg, representing about 30% of the total emissions of Hg to
the atmosphere. However, the role of marginal seas in Hg
emissions on a global scale has not yet been widely recog-
nized. The evasion of Hg in some marginal seas have been
summarized [Coquery and Cossa, 1995; Wangberg et al.,
2001; Gårdfeldt et al., 2003; Balcom et al., 2004; Fu et al.,
2010; Ci et al., 2011], mostly from European (e.g., Mediter-
ranean Sea, North Sea, Baltic Sea), and U.S. waters (e.g., the
mid-Atlantic Bight, Long Island Sound ) and a few from East
Asian waters (e.g., South China Sea, Yellow Sea, Tokyo
Bay). These studies indicate that overall, marginal seas are
a source of Hg0 to the atmosphere (are supersaturated). The
evasion rate in these studies ranged from 20 to 1000 pmol
m2 d1 and depended on the differences of latitude and
locality related to human activities. Generally, marginal seas
in the Northern Hemisphere (e.g., Baltic Sea, Mediterranean
Sea) exhibit higher ﬂuxes of Hg0 than the open ocean at the
same latitude (averaged ~130 pmolm2 d1; between 10N
and 50N). This trend suggests a disproportionate importance
for marginal seas as a global source of atmospheric Hg,
despite their relatively small total surface area (~8% of the whole
ocean area). Further, limited knowledge exists concerning the
role of the tropical-subtropical and monsoon-dominated mar-
ginal seas in East Asia in regulating the Hg air-sea ﬂux such
as South China Sea (SCS).
[3] The SCS is adjacent to the largest atmospheric Hg emis-
sion source region in the world (e.g., East Asian continent, par-
ticularly Mainland China, and Indochina peninsula) [Pacyna
et al., 2010]. Over the SCS, gaseous elemental Hg (GEM) con-
centrations are elevated 2–3 times above global background
values, with higher enhancements in the winter when the
northeast monsoon draws air from China [Tseng et al., 2010;
Tseng et al., 2012]. The elevated atmospheric concentrations
over this marginal sea give rise to higher deposition loadings
and thereby enhance the opportunity for Hg transformation
(e.g., methylation and reduction) in ecosystems. However,
much of this elevated loading may be recycled through eva-
sion, thereby spreading the potential reach of East Asian emis-
sions to the regional and even global level.
[4] To assess this potential mobilization of Hg through air-
sea gas exchange, we have determined the dissolved elemental
Hg (DEM) and GEM concentrations in surface seawater and
atmosphere, respectively, during seasonal oceanographic
cruises to the Southeast Asian Time-series Study (SEATS)
station (18N, 116E; Figure 1) from 2003 to 2007. We have
combined these concentration data with meteorological and
hydrographic variables as well as a simple box model to exam-
ine the time series variability in DEM with its air-sea exchange
ﬂux in the SCS. In this study, we present the ﬁrst data set to
show seasonal DEM variations in the SCS. This data set shows
a unique seasonal cycle and ﬂux of Hg0, changing from a Hg
sink in winter to a source in summer. The data set offers an
opportunity to study the potential controlling mechanisms and
sources of Hg associated with seasonal SST and monsoon cycle
fromEast AsianMainland in a low-latitude tropical marginal sea.
2. Materials and Methods
[5] The SCS (Figure 1) is the largest semi-enclosed mar-
ginal sea in the western North Paciﬁc. It covers an area of
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3.5 106 km2 with an average depth of 1200m and lies
entirely within the tropical zone. The SEATS station was oc-
cupied with on-board atmospheric and water Hg sampling
16 times between May 2003 and January, 2007 in approxi-
mately seasonal intervals aboard R/V Ocean Researcher-I
and Fishery Researcher-1. Methods used in this study for
data sampling, analyses, and assurances regarding Hg
[Tseng et al., 2003, 2010] and hydrographic variables
[Tseng et al., 2005, 2007] are described in detail in the
Supporting Information.
[6] Percent saturation (%S) of DEM (i.e., DEM in the SCS
seawater relative to that calculated to be in equilibrium with
the atmospheric GEM) is determined with the following equa-
tion: %S= [(DEMH)/GEM] 100, where DEM and GEM
are the concentrations measured in surface seawater and in
the overlying air, respectively. H represents the dimensionless
Henry’s law constant of Hg0, adjusted for sample temperature
and salinity [Andersson et al., 2008]. Values of %S> 100 are
commonly observed and indicate supersaturation and the
potential for transfer of Hg0 from surface water to air.
[7] The exchange ﬂux, F, of Hg0 at the air-seawater interface
is given by F=K (DEM –GEM/H), where F (pmolm2 d1)
is the volatile Hg0 ﬂux into () or out (+) of the SCS. The for-
mulation we used for the transfer velocity was K (m d1) =
0.39 u2(ScTHg/600)
1/2, developed by Wanninkhof [1992]
for use with average winds. The u2 term is the squared mean
wind velocity at 10m height (m2 s2), and Sc is the tempera-
ture- and salinity-dependant dimensionless Schmidt number
for Hg0 at a given temperature T, estimated from the variation
of Sc values of other gases as a function of molecular weight
[Wanninkhof, 1992]. The constant value of 0.39 is empiri-
cally derived. Numerous other parameterizations for the K
value exist, a popular one of which is that of Nightingale
et al. [2000]. This formulation also makes use of wind speed
(K= (0.222u2 + 0.333u)(ScTHg/660)
1/2) and would result in
about 65% lower ﬂuxes at the wind speeds we report here.
This would not affect the seasonality we describe and is
likely within the uncertainty of gas exchange models in gen-
eral, thus we report results based on the Wanninkhof model.
3. Seasonal Patterns in DEM and Related
Environmental Conditions
[8] Temporal variations in DEM and GEM and environ-
mental variables in the SCS surface fromMay 2003 to January
2007 are presented in Figure 2, and all data show distinctive
seasonal patterns. Detailed descriptions in surface dynamics
of seasonal variability were mentioned by Tseng et al. [2005;
2007]. Brieﬂy, the SCS surface water is warm year-round with
a summer maximum of 28–31C and winter minimum of 23–
26C (Figure 2a). The wind pattern was governed by the mon-
soons: winter northeast monsoon with higher wind speed
(WS; averaged ~10m s1), summer southwest monsoon with
weaker WS (averaged ~6m s1) and lower WS (<5m s1) in
the inter-monsoonal periods in April–May and September–
October (Figure 2b). The upper water column is well strati-
ﬁed at all times, but vertical mixing is promoted in winter
due to surface cooling and strong northeast monsoon winds.
As a result, the mixed layer depth (MLD) increased from
20m in the summer to 60–100m in the winter. Also, high
TS
WPS
SCS
Figure 1. The location of the SEATS station in the SCS.
Solid line is the cyclonic gyre in the winter whereas dashed
line is the anti-cyclonic gyre. The ﬂow path of the Kuroshio
and its intrusion into the South China Sea are also shown.
TS, Taiwan Strait; WPS, West Philippine Sea; SCS, South
China Sea.
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Figure 2. Time series of records obtained for the SEATS
station in the SCS between 2003 and 2007. (a) Remotely
sensed sea surface temperature (SST, solid circle) and ﬁeld
observed SST (ﬁeld, open circle); (b) remotely sensed wind
vector; (c) mixed layer depth (MLD, solid circle) and salin-
ity (S, open circle); (d) averaged mixed-layer Chl-a (solid
circle) and (N +N) (open circle); and (e) averaged DEM
(solid circle) and GEM (open circle).
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salinity (34.2) and maximum concentrations in nitrate + nitrite
(N+N; 0.2mM) and Chl-a (0.4mgm3) in the mixed layer
were found in winter (Figures 2c and 2d). The wind-reinforced
convective overturn enhanced vertical mixing between the
fresher surface water and the more saline subsurface Tropical
Water, which appeared as the salinity maximum (34.6%) cen-
tered around 150m and also brought nutrients to the mixed
layer, stimulated primary production [Tseng et al., 2005] and
led to the distinct seasonal maximum in Chl-a in winter.
[9] Seasonal DEM pattern in the surface seawater was
slightly out of phase relative to that of GEM (Figure 2e). There
was a winter maximum of the GEM (3.4–5.9 ngm3) associ-
ated with northeast wind and a minimum (2.2–3.0 ngm3) in
late spring and summer with southward wind (Figure 2e) with
an annual mean of 3.5  0.2 ngm3. We previously asserted
that seasonal variation of GEM is inﬂuenced by the sources
of GEM, i.e., the sources of air masses governed by the mon-
soon cycling and the observation that air masses from Main-
land China contain high Hg [Tseng et al., 2012].
[10] The opposing seasonal trends in DEM and GEM indi-
cate that DEM seasonality is not determined by the seasonal
GEM changes or mechanisms controlling the GEM varia-
tions. Instead, the variations in DEM stayed closely in phase
with those in SST (Figures 2a, 2e, 3a, and 3b), which may
modulate the formation of DEM. Thus, DEM was at a min-
imum in winter (~30 fM) and increased progressively
through the spring and reached a maximum of ~200 fM in
summer before it retreated steadily through the fall back to
a minimum value in winter. A linear relationship between
DEM and SST in the mixed layer was observed during the
study period such that [DEM](fM) = 16.7 (2.2) [SST]
(C)346 (60), r2 = 0.81, n= 16. Although the maximum
GEM and the minimum DEM were both found in the
winter, they were slightly offset from each other with the
former occurring slightly ahead of the latter. The range in
DEM in summer is similar to one previously observed in
the northern SCS (average 180  70 fM) [Fu et al., 2010]
and those for temperate marginal seas such as the eastern
Mediterranean Sea (110–270 fM) [Gårdfeldt et al., 2003],
and slightly higher than those observed in the Baltic Sea
(70–110 fM) [Wangberg et al., 2001], the Tyrrhenian Sea
(85–130 fM) [Gårdfeldt et al., 2003]), and the Irish west
coast (65–195 fM) [Gårdfeldt et al., 2003].
4. Hg0 Formation Mechanisms and Processes
Controlling Seasonal DEM Variability
[11] We observed that seasonal variability in DEM was
well correlated with SST (r2 = 0.81, n=16) other than for Chl-
a andWS (Table S1), and this relationship offers an opportunity
to explore some of the mechanistic controls behind Hg0 forma-
tion in the SCS. The apparent activation energy (Ea, kJmol
1)
of DEM production was calculated at 140  20 kJmol1 for
SST between 23C and 31C. This value is obtained from the
slope of the linear regression of the natural logarithm of DEM
concentration versus 1/T by using the Arrhenius equation: K=
AeEa/RT, where K is the formation rate of Hg0 (i.e., [Hg0]i/
[Hg0]23) and Ea is the activation energy. This approach assumes
that DEM concentration is a good proxy for its net production
rate. The activation energy calculated in this way is similar to
that estimated for surface waters in Swedish temperate lakes
(about 125  5kJmol1 at water temperatures of 0.5–23C)
[Xiao et al., 1991] and in Arctic lakes (about 150 40 kJmol1
between 11C and 15C) [Tseng et al., 2004]. This is a
surprising ﬁnding given that the data are collected from very
different systems that span a wide range of temperatures.
The similarity in Ea expresses a common response that all
the systems had to changing temperature, but all the water
bodies had roughly similar DEM although widely differing
temperatures. Thus, this seemingly universal value for Ea
suggests a common sensitivity to changing temperature,
but that overall Hg0 concentrations are set by factors other
than temperature.
[12] In addition to the calculation of activation energy, the
temperature dependence of DEM in the SCS can be used to
explore the mechanism of DEM production through the calcu-
lation of aQ10 value. TheQ10 temperature coefﬁcient is a mea-
sure of the rate of change of a biological or chemical system as
a consequence of increasing the temperature by 10C.
[13] This parameter, calculated as
Q10 ¼ k2k1
  10
T2T1
;
tends to have a value of around 2–3 for biological reactions
[Valiela, 1995] where k1 and k2 are the reaction rates at tem-
perature T1 and T2, respectively. The apparent Q10 for DEM
formation in the SCS is around 7, suggesting that this reac-
tion is not directly biologically mediated. Clearly, the temper-
ature dependence of Hg0 formation shall be signiﬁcantly
important in all surface water bodies but requires more
examination.
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Figure 3. Monthly average data (with 1 SD) for (a) SST
and WS; (b) DEM and GEM; (c) total Hg; (d) saturation
(%); and (e) air-sea Hg0 exchange ﬂux between 2003 and
2007 at the SEATS station in the SCS.
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[14] Further, the observed changes in DEM are related
with seasonal SST changes in the mixed layer and major
contributing processes together with their effects as shown
in Figure 4 and Table S2. First, from spring (from March
to May) to summer (June to August), the progressive surface
heat gain accounted for the increase in SST (24C to 29C in
spring; reaching maximum ~31C in summer) and concom-
itant increase in DEM (~40 spring to ~200 fM summer)
which led to supersaturation and favored the evasion of
DEM to the atmosphere, thus switching the SCS from a sink
to a source of Hg0. This also coincided with a decrease in
total Hg (HgT). Additionally, the HgT amount increased
and reached maximum in spring (approximately 10 and
9.5 pM in summer; Figure 3c and Table S2) because a signif-
icant net input between evasion and atmospheric deposition
(wet + dry) occurred. The increase in HgT from late winter to
summer could have resulted from the increased Hg loading
from atmospheric Hg(II) deposition and from the water col-
umn becoming increasingly stratiﬁed during this period.
[15] During the cooling period from summer to late fall, the
observed variation in DEM could be accounted for by a
combination of a net source of atmospheric Hg, and the in-
crease vertical mixing with the Tropical Water as vertical
stratiﬁcation was weakened. As a result, SST (29–27C),
DEM (150–100 fM) and HgT (9.5–9 pM) all decreased. In
this period of lower primary production and more limited
vertical mixing, DEM changes still followed the changes in
SST in the mixed layer. In fall, atmospheric inputs of Hg
were similar to those in spring inputs into the SCS. However,
there is a net evasion ﬂux of Hg from the SCS to the atmo-
sphere since the evasional Hg ﬂuxes are higher than those de-
posited into the SCS from atmosphere.
[16] During the winter (December to February), the effects
of surface heat loss and atmospheric Hg invasion and vertical
mixing reached a maximum. We found that SST (23C),
DEM (30 fM), and HgT (8.0 pM) reached their minimum
values while N+N (0.4 mm), Chl-a (0.2mgm3) and pri-
mary production (300mgCm2 d1) [Tseng et al., 2005,
2007] were at a maximum. Additionally, less atmospheric
Hg inputs are associated with wet and dry ﬂuxes of Hg(II)
into the SCS. This mostly represents rain ﬂuxes being lower
during winter, relative to the summer monsoon. Its effect of
lowering DEM and HgT had apparently been obscured by
the effects of atmospheric deposition and air-sea exchange.
Eventually, there is a HgT export, corresponding to the
amount of atmospheric input (~220 pmolm2 d1), from
the mixed layer. This suggests that biological removal could
play a major control in Hg decrease in winter. The estimated
value is quite similar to that calculated by differences
between annual atmospheric deposition and air-sea exchange
of Hg as an average net input approximately 250 pmolm2
d1 to the SCS.
5. Air-Sea Exchange of DEM
at the SEATS Station
[17] In the northern SCS, seasonal surface DEM (and its
percent saturation, %S) ranged from 30 (70%) to 200 fM
(600%) with an annual mean of 100  20 fM (Figures 2e
and 3d). DEM concentrations were higher in summer and
autumn (160  40 fM, 470  110% saturation, n = 4, and
120  30 fM, 250  50% saturation, n=4, respectively),
while lower in spring and winter (70  40 fM, 190  160%,
n=4, and 60  30 fM, 80  10%, n=4). Samples in early
spring and winter were undersaturated with DEM (approxi-
mately 70–98%) relative to atmospheric equilibrium. Conse-
quently, DEM evasion occurred in spring (60 160 pmolm2
d1), summer (580  120), and autumn (730  210) but
reversed direction in winter (180  110; Figure 2d). Such
a seasonal ﬂux pattern has not been documented elsewhere
and may be unique to the SCS, or perhaps to other marginal
seas adjacent to industrial sources of Hg. It is also distinctly
different from previous thoughts that there was no seasonal
variation in Hg evasion ﬂuxes from low-latitude tropical
oceans [Strode et al., 2007; Fu et al., 2010].
[18] To our knowledge, this is the ﬁrst data set to show a
complete seasonal DEM distribution and ﬂux. This assessment
of annual ﬂux in terms of better temporal coverage in this
study is more reliable and representative. We observed the
highest DEM in summer, but this did not translate into the
highest evasion rates. According to the air-sea exchange esti-
mates, evasion is controlled not only by DEM concentration
but also by wind speed. The highest Hg evasion was obtained
in fall because of higher wind speeds and then deepening of
Spring(a)
Vertical mixing
Summer
580 470w/190d
(b)
Vertical mixing
Fall
730 300w/120d
(c)
Vertical mixing
Winter
180 30w/10d
(d)
Vertical mixing
PP PP
PP PP
exchange
60
deposition
230w/90d
Figure 4. Conceptual diagram of the contributing pro-
cesses to the changes in salinity, temperature and Hg in the
mixed layer in (a) spring; (b) summer; (c) fall; and (d) winter.
Observed changes in the mixed layer are shown in the box.
Effects due to various processes are shown next to the arrows
(ﬂux unit: pmolm2 d1). Thick solid line denotes major
contributing process. Dashed line denotes minor process. w/d,
atmospheric wet/dry deposition; up arrow, increase; down
arrow, decrease.
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the mixed layer in fall than summer, i.e., the exchange coefﬁ-
cient was larger during the period of evasion as a result of the
stronger northeast monsoon in fall. The seasonal pattern shows
a transition from source to sink in early winter (December)
during the period of high GEM, low SST, and strong wind speed
associated with the northeast monsoon (Figures 2 and 3). The
weak sink status during cold periods is fairly sensitive to en-
vironmental changes, for instance, related to changes of SST
by global warming and to disruption through human pertur-
bations, further increasing the Hg emission from the SCS.
[19] Overall, the SCS annually serves as a net source of at-
mospheric Hg0 of 300 50 pmolm2 d1 (i.e., 110 20 nmol
m2 yr1). The annual evasion from the whole SCS to the
atmosphere averaged 385  64 kmol Hg yr1, based on the
3.5 106 km2 area of the SCS. This ﬂux represents ~2.6%
of the global emission of 14.7Mmol yr1 [Soerensen et al.,
2010] in ~1% of global ocean area. This suggests an excep-
tionally high Hg emission rate compared to open oceans
(2–3 times higher). It is interesting to note that if the SCS
were representative of all continental shelf regions (8% of
global ocean), then ocean margins would contribute about
20% of global Hg0 evasion. However, the SCS is likely a
stronger source of Hg0 to the atmosphere than most marginal
seas. The range of annual ﬂuxes for the SCS is difﬁcult to
make a comparison with those in other marginal seas. That
is because there are no complete annual data available and
the published values are mostly focused on the warm sea-
sons. However, and as we noted above, if we only compare
the summer data in the SCS with other marginal seas, we
found the summer ﬂux data at the SEATS station tend to be
higher than in many other locations. Higher emission rate in
the SCS compared to other seas may be caused by high re-
gional Hg inputs from surrounding countries via atmosphere.
Based on a preliminary ﬁrst-order mass balance of total Hg
for the SCS, the atmospheric inputs (wet and dry deposition)
of Hg to the SCS are the dominant ones relative to other
sources (e.g., rivers, submarine groundwater discharge, and
direct anthropogenic inputs) for the basin as a whole. That
is because of the high volume of precipitation into the SCS
(i.e., rain ~10,000 km3/yr, being one-order larger than that
from the Asian rivers ~1000 km3/yr) and the basin-wide sur-
face circulation gyres which effectively isolates the interior
of the SCS proper from the inﬂuence of the land runoff. How-
ever, the roles of other input sources will be certainly worth
elucidating in the future study.
6. Conclusions
[20] Through this study, we report the ﬁrst data set to
show a complete seasonal distribution and ﬂux of the
DEM at the SEATS station in tropical monsoon-dominated
SCS. The main feature of this time series was summer max-
imum and winter minimum occurring as a result of seasonal
changes in SST, wind speed, and atmospheric inputs. Over-
all, the SCS serves annually as a net source of atmospheric
Hg0 of 300 50 pmolm2 d1 (i.e., 385 64 kmol Hg yr1)
with a source in warm seasons (summer 580 120 pmolm2
d1; autumn 730  210) and a sink in cold seasons (winter
180  110). The high Hg emission rate data imply that
the SCS receives environmental pollution from the surround-
ing Mainland mostly via atmosphere. Further increasing Hg
emission from the SCS may be fairly altered by environmental
changes, for instance, related to changes of SST by global
warming and to disruption through human perturbations.
Therefore, the shift in the winter weak sink status will not be
immediately apparent, but will emerge as a long-term trend
amongst the year-to-year ﬂuctuation. Persistent observation of
the SCS should be continually conducted to investigate atmo-
spheric cycling and air-sea exchange of Hg, which will be cru-
cial for the assessment of potential changes in the future. As
these interesting trends were only discovered as a result of
repeated observations at a single station, this study is further
evidence of the importance of conducting time series obser-
vations of Hg in ocean environments, with only one other
similar study published to our knowledge [Heimburger
et al., 2010].
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